ABSTRACT In this paper, a novel integrated mode composite transmission line (IMCTL) is proposed, which consists of inner and outer transmission lines. The proposed IMCTL takes full advantages of both substrate integrated waveguide (SIW) and spoof surface Plasmon polaritons (SSPPs) transmission line and supports high-frequency transmission in the inner transmission line and low-frequency transmission in the outer surface transmission line with different propagation modes. The dispersion characteristics of the inner and outer surface IMCTL are studied. The electromagnetic field (EM) distributions and propagation modes of the inner and outer surface IMCTL are examined. The circuit models of the inner and outer surface IMCTL are discussed and analyzed. In order to achieve the transmission of inner and outer surface IMCTL with different propagation modes, two simple high-efficiency conversion structures are utilized to convert the guided waves to the proposed IMCTL. The inner and outer surface IMCTL are designed and simulated, which show good transmission performance. The ohmic losses and dielectric losses of the inner and outer surface IMCTL are simulated and compared with typical transmission lines. The measured data of the proposed IMCTL show a very good agreement with the simulated results. The measured insertion losses of inner IMCTL are within 1.77 ± 0.64 dB from 5.5 to 10.0 GHz and the measured insertion losses of outer surface IMCTL are within 3.21 ± 1.22 dB from 2.0 to 6.0 GHz. The proposed IMCTL will play an important role in the integrated high-performance multiband microwave and wireless communication systems.
I. INTRODUCTION
With the development of modern microwave and wireless communication systems, low integration, narrowband and single passband microwave devices have been unable to meet the growing demand of application. The applications of broadband, highly integrated, multi-frequency technology can extend application scenarios and enhance performance of the existing circuits and systems. In the radar exploration, the use of multi-frequency signals allows the passive radar system (PRS) to perform a wider range of target detection and higher precision tracking [1] , [2] . In the field of wireless communication, the emergence and applications of fifth-generation (5G) techniques will extend the operating frequency bands from the existing lowfrequency bands to the high-frequency bands, greatly increasing the demand for multiband microwave devices [3] - [5] .
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Therefore, integrated high-performance multiband components will become an important part of the simultaneous deployment of low-frequency and high-frequency bands in multi-frequency systems.
The substrate integrated waveguide (SIW) is a type of dielectric-filled waveguide based on substrate that uses linear arrays of metallized via holes to realize metal edge walls and connect the top and bottom metal plates [6] - [10] . It can be easily integrated with planar circuits and is widely used in the design of high-frequency components [11] - [15] . The SIW has simple structure, high quality factor, low loss and high-pass characteristics, which is suitable to do as the highfrequency transmission parts of the multi-frequency circuits and systems.
Based on the technique of arrays of metal via holes to realize metal edge walls, the mode composite waveguide (MCW), consists of inner and outer surface waveguiding structures, was proposed [16] , which was fabricated on a triple-layer printed circuit board (PCB) structure.
The inner structure is a rectangular waveguide suitable for high-frequency transmission and the outer surface structure is a rectangular coaxial line suitable for low-frequency transmission. Since then, MCW filters with dual-mode operation have been proposed and studied [17] . In order to get a more compact structure, the half-mode composite waveguide (HMCW) is proposed recently [18] , which has the similar transmission characteristics to MCW in [16] . However, these MCWs are multilayer structures, making them difficult to integrate with the classical transmission lines such as microstrip line and coplanar waveguide. And the conversion structure from classical transmission lines to the MCW is complicated. More recently, a new kind of mode composite transmission line which replaces the metal strip of the microstrip line with a thin SIW is proposed. It has a low profile and adjustable operating frequency. Based on this transmission line, a dual-band leaky-wave antenna is presented [19] . Nevertheless, the mode composite transmission line is a dual-layered configuration, making it still difficult to integrate with the classical transmission lines.
Spoof surface plasmon polaritons (SSPPs) are slow waves which propagate along the interface of air-metal surface in the terahertz and microwave frequencies [20] , [21] . The significant advantages of SSPPs structure are that its ability to confine electromagnetic (EM) waves and dispersion characteristics are completely determined by its structural size. To support such SSPPs, the arrays of gaps, grooves, blocks are decorated on the metal conductors [22] - [25] . However, these are three-dimensional structures that are costly and difficult to integrate. And then, the two-dimensional SSPPs planar transmission line is proposed, which is realized by a singleline strip-shaped metal with periodically arranged grooves. It has pliable properties and can be fabricated directly from the PCB process [26] . Hereafter, a variety of planar structures supporting SSPPs transmission are proposed, which are single-layer configurations [27] - [29] . These planar structures can be easily integrated with existing planar circuits and systems, greatly expanded its range of applications. For better understanding the SSPPs transmission lines, the LC equivalent circuit model of single side and double sides comb-like transmission line were analyzed by considering an infinite ground plane [30] , [31] . And then, the circuit model of single side comb-like SSPPs transmission line using series stubs and open stubs based on microstrip line are analyzed [32] . More recently, an integrated three-dimensional transmission line is proposed, which is implemented on a single-layer substrate with metallized via holes planted on a ground plane and excited by SIW at Ka band [33] . Due to the semi-open structure, the anti-interference ability of this transmission line is similar to the microstrip line. Subsequently, the transmission lines combining SSPPs structure and SIW are proposed. A broadband filter is presented based on the hybrid SSPPs and SIW transmission line [34] , [35] . Meanwhile, multiple types of devices based on SSPPs structures are proposed, which expand application scope of SSPPs [36] - [39] . The SSPPs transmission line has simple structure and low-pass characteristics, which is suitable for the low-frequency transmission parts of the mode composite transmission line.
In this paper, a single-layer substrate integrated mode composite transmission line (IMCTL), making use of the advantages of both SIW and SSPPs transmission line, is proposed. It not only has the simple structure and high-pass characteristics of SIW, but also has the adjustable dispersion and low-pass characteristics of SSPPs transmission line. The IMCTL can support high-frequency transmission in the inner transmission line and low-frequency transmission in the outer surface transmission line.
This paper is organized as follow. Section II gives the unit cell structure, dispersion characteristics and field distributions of the proposed IMCTL. Section III gives the transmission and conversion structures of the proposed IMCTL and simulated scattering parameters (S-parameters). Section IV discusses the circuit models of the proposed IMCTL propagation modes. Section V analyzes the ohmic loss and dielectric loss of the proposed IMCTL, and compares them with the typical transmission lines. Section VI gives the fabricated transmission lines, the measurement topology and measured results. FIGURE 1. The schematic illustration of the unit cell, in which p is the period, d is length of comb-like structure, h is the thickness of substrate, b is the width of comb-like structure, s is the distance from the center of the metallized via hole to the edge, w and a are the width and length of the center metal strip.
II. WORKING PRINCIPLE AND PARAMETRIC STUDY A. UNIT CELL STRUCTURE
The proposed IMCTL is composed of a series of periodically connected unit cells. The unit cell structure consists of an inner SIW structure and an outer surface SSPPs structure, as shown in Fig. 1 . The inner periodic structure composed of SIW works as the high-frequency transmission part of the IMCTL. And the outer surface IMCTL works as a SSPPs transmission line in support of low-frequency signal. Obviously, the IMCTL can be realized well in a substrate integrated form and fabricated directly using the PCB process with a single-layer substrate, which is similar to SIW. The dispersion characteristics of the proposed IMCTL unit cell can be easily tailored by multiple variables, making it suitable for a variety of scenarios. 
B. DISPERSION CHARACTERISTICS OF IMCTL UNIT CELL
Dispersion characteristics of the proposed IMCTL unit cell can be obtained by numerical eigenmode analysis of simulation, as shown in Fig.2 . In order to simplify the analysis, the metal is set to perfect electric conductor (PEC). The boundary conditions of external region are set to periodic boundaries in the x-direction (transmission direction of EM wave) and perfect electric conductor boundaries (PEC) in the y-direction and z-direction. The eigen-frequencies can be obtained by simulation when the phase difference between the two periodic boundaries is swept from 0 • to 180 • . The substrate is F4B with dielectric constant of 2.65 and loss tangent of 0.003. The dispersion characteristics of SIW with F4B substrate are simulated and compared with the unit cell for inner IMCTL, the geometric parameters of the SIW are given in Fig.3 . The relationships between the dispersion characteristics and the key parameters of unit cell are given in Fig.4 . The dispersion characteristics of the unit cells for inner and outer surface IMCTL are determined by the structural parameters, which are similar with the typical SIW and SSPPs structures [7] , [26] .
For comparison, the diameter of the metallized via hole is set to 0.6mm, the distance between the centers of two metallized via holes is set to 0.9mm, s is set to 0.6mm, b is set to 3.0mm. When a is 1.0mm, h is 0.5mm and w is 4.0mm, adjusting the length d, the dispersion relationships of unit cells for inner and outer surface IMCTL are displayed in Fig.4 (a) and (b), respectively. The cutoff frequencies of the inner and outer surface structures are significantly declined, when the length d of comb-like structure is increased. When d is 8.0mm, h is 0.5mm and w is 4.0mm, adjusting the length a, the dispersion relationships of unit cells for inner and outer surface IMCTL are displayed in Fig.4 (c) and (d), respectively. The cutoff frequencies of unit cells for inner and outer surface IMCTL are declined, while the length a of the parallel metal strip is increased. When d is 8.0mm, h is 0.5mm and a is 1.0mm, varying the width w, the dispersion relationships of unit cells for inner and outer surface IMCTL are shown in Fig.4 (e) and (f). The cutoff frequencies of the unit cell for inner IMCTL are declined and the cutoff frequencies of the unit cell for outer surface IMCLT are constant, when the width of the metal strip is increased. When d is 8.0mm, a is 1.0mm and w is 4.0mm, varying the thickness h, the dispersion relationships of unit cells for inner and outer surface IMCTL are shown in Fig.4 (g) and (h). The low cutoff frequencies of the unit cell for inner IMCTL are constant and the high cutoff frequencies are increased, while the thickness of the substrate is increased. Meanwhile, the cutoff frequencies of unit cell for outer surface IMCTL are declined. From the comparison of Fig.4 , it can be found that the length d of the comb-like structure is very obvious for the regulation of the dispersion characteristics of unit cells for inner and outer surface IMCTL. And the combination of multiple geometric parameters can regulate the dispersion characteristics of the proposed unit cell efficiently.
From Fig.4 (a) (c) (e) and (g), we can find that the dispersion curves of the unit cell for inner IMCTL have low cutoff frequencies (f l ), which is similar to rectangular SIW, and high cutoff frequencies (f h ). The f l are close but lower than the SIW of the same width. The f h are caused by the periodic connection of unit cells. In Fig.4 (b) (d) (f) and (h), the dispersion curves of outer surface SSPPs structure gradually approach the cutoff frequencies (f c ) with the increase of wave numbers, which indicates that the outer surface of unit cell supports the propagation of confined modes.
C. ELECTROMAGNETIC FIELD DISTRIBUTIONS OF IMCTL
In order to investigate the electromagnetic field distributions of the propagation modes for inner and outer surface IMCTL. The electromagnetic field distributions of the propagation modes for inner and outer surface IMCTL unit cells are given by simulation in Fig.5 and Fig.6 , respectively. The substrate is F4B with dielectric constant of 2.65 and loss tangent of 0.003.
When the frequency of the EM wave is between the f l and f h of the IMCTL, it can propagate along the inner IMCTL. The electric field distributions of the propagation mode for inner IMCTL are given in Fig.5. From Fig.5 , we can find that the EM energy is mainly concentrated in the FIGURE 5. (a) E z magnitudes electric field for inner IMCTL on xoy plane at 9.0GHz, in which d is 8.0mm, p is 5.0mm, a is 1.0mm, h is 0.5mm, w is 4.0mm, s is 0.6mm, the diameter of the metallized via hole is 0.6mm and the distance between the centers of two metallized via holes is 0.9mm. (b) E z magnitudes electric field at central, edge of the SIW in the unit cell and the central of the parallel metal strips at 9.0GHz.
substrate. Besides on the electric field distributions of Fig.5 , the propagation mode of SIW in the unit cell is quasi-TE mode, which is similar to the fundamental mode of rectangular SIW [9] , and the parallel metal strips is quasi-TEM mode. The EM field can be effectively supported by the inner IMCTL.
Similarly, when the frequency of the EM wave is lower than the f c , it can propagate along the outer surface IMCTL. From Fig. 6 , we can find that the EM energy mainly exists above the outer surface of the unit cells. The electric field lines are emitted from the outer surface of unit cells and terminate in the adjacent unit cells, which indicates that the EM energy is tightly confined in the outer surface IMCTL, as shown in Fig. 6(a) . The electric field distributions and the dispersion characteristics indicate that the outer surface IMCTL supports the SSPPs transmission. According to the electric field distributions and magnetic field distributions of the outer surface IMCTL, as shown in Fig.6 (a), (b) and (c), the propagation mode of outer surface IMCTL is quasi-TM mode, which is similar to the typical SSPPs [26] - [29] .
Combine with Fig. 5 , Fig. 6 and dispersion characteristics of the proposed IMCTL, we can find that low frequencies and high frequencies can be transmitted in the outer surface and inner IMCTL with different propagation modes, which is similar to the MCW [16] - [19] .
III. TRANSMISSION AND CONVERSION STRUCTURE
In order to verify the performance of the proposed IMCTL, two simple and efficient conversion structures are used to convert the guided waves to the proposed IMCTL with different propagation modes. The proposed IMCTL and conversion structures are printed on 0.5mm thick F4B substrate with dielectric constant of 2.65 and loss tangent of 0.003. The thickness of ultrathin copper layers is selected to be 0.018mm. The geometric parameters of the proposed unit cell are as follows: d is 8.0 mm, p is 5.0mm, a is 1.0mm, h is 0.5mm, w is 4.0mm, s is 0.6mm, the diameters of the metallized via holes are 0.6mm and the distance between the centers of two metallized via holes is 0.9mm.
The inner transmission line is an axisymmetric structure and consists of two parts. Microstrip line with 50 characteristic impedance and tapered structure are Part1, which are regard as the excitation waveguide and conversion structure, as shown in Fig.7 . It is similar to the conversion structure between microstrip line and SIW [6] . Part 2 is the proposed IMCTL. The S-parameters of the inner transmission line are obtained by using the full wave simulation, as shown in Fig. 8 . The f l and f h accord with the analysis of dispersion characteristics. The S-parameters indicate that EM waves can propagate efficiently along the inner IMCTL in the passband.
The outer surface transmission line is also an axisymmetric structure and consists of three parts. Coplanar waveguide (CPW) with 50 characteristic impedance and tapered structure, which are regard as the excitation waveguide, are denoted as Part 1, as shown in Fig.9 . Part 2 is the conversion structure, which obtains impedance matching with the proposed IMCTL through the Vivaldi curve and gradual structure [28] .
The TM mode impedance of the outer surface IMCTL can be expressed by
where η 0 is the characteristic impedance of free space, β is the propagation constant, k 0 is the wave number in free space [29] . The equation (1) can be used to check the impedance matching between CPW and the proposed IMCTL. The Vivaldi curve of y = f (x) is expressed as
where 1 , C 2 = y 1 e αx 2 − y 2 e αx 1 e αx 2 − e ax 1 , α = 0.1. P 1 (x 1 , y 1 )and P 2 (x 2 , y 2 ) are the start and end point of the Vivaldi curve respectively. Part 3 is the proposed IMCTL. The S-parameters of the outer surface transmission line are given in Fig.10 , which are also obtained by using the full wave simulation. The f c is in accordance with the analysis of dispersion characteristics. When the frequencies of SSPPs waves are lower than the f c , they can be supported by the outer surface IMCTL. The S-parameters indicate that SSPPs waves can propagate efficiently along the outer surface IMCTL.
IV. CIRCUIT MODEL
For the periodically connected unit cells, it can be considered as the cascade of two-port networks. The input and output voltages and currents of the nth unit cell can be written as
where p is the period. The propagation constant γ = α + jβ, where α is the decay constant and β is the propagation constant. ABCD matrix can be used to define the transmission parameters of unit cell as [40] 
Since the unit cell is a symmetrical structure, we have A = D, the propagation constant γ can be obtained as
A. CIRCUIT MODEL FOR INNER IMCTL
The unit cell for inner IMCTL can be regard as the rectangular waveguide connecting parallel plate transmission lines. According to the unit cell structure, the circuit model of unit cell for inner IMCTL are expressed as series stubs and parallel short stubs, as shown in Fig.11 . The ABCD matrices of series stubs and parallel short stubs can be expressed as M 1 and N 1 :
where Z 1 and Z 2 are characteristics impedances of the series stubs and parallel short stubs, respectively. θ 1 and ϕ 1 are the electrical lengths of the series stubs and short stubs, respectively.
. ε 1 and ε 2 are effective permittivities of series and parallel short stubs, l a and l b are the effective length of series subs and short stubs, respectively. f is the frequency. c is the velocity of light in vacuum.
The ABCD matrix of the unit cell for inner IMCTL can be expressed as
where
From equation (6), the propagation constant γ 1 of unit cell for inner IMCLT can be obtained by
Since the circuit model is lossless, the equation can be simplified to
The characteristics impedances Z 1 and Z 2 , effective permittivities ε 1 and ε 2 can be obtained by full wave simulation, as shown in Fig.12 (a) and (b). Substituting parameters Z 1 , Z 2 , ε 1 , ε 2 , l a , and l b into the equation (11), the dispersion characteristics of circuit model can be calculated.
FIGURE 12.
Characteristics impedances and effective permittivities of the series stubs and short stubs.
The dispersion characteristics of circuit model are compared with the eigenmode analysis of simulation, as shown in Fig.13 . Then, we connect the circuit modes of unit cell in series (15 periods), the reference impedance Z 0 is set to 50 . The S-parameters are obtained by circuit simulation and compared with the full wave simulation EM model, as shown in Fig.14. 
B. CIRCUIT MODEL FOR OUTER SURFACE IMCTL
For the propagation mode of outer surface IMCTL, the EM energy is mainly concentrated on the outer surface and very weak in the substrate, as shown in Fig.6 . Thus, the impedance effect inside the unit cell is not considered. Since the structure and propagation mode of unit cell for outer surface IMCTL are similar to double sides comb-like unit cell, we can use the double sides comb-like unit cell with the same dispersion characteristics to equivalent our structure, as shown in Fig.15(a), (b) and Fig16. Then, in order to obtain the circuit model conveniently, we add the underlayer ground to the double sides comb-like unit cell in the case that the dispersion characteristics are basically the same, as shown in Fig.15(c) and Fig16, which is similar to the [32] . Therefore, the circuit model of unit cell for outer surface IMCTL can be equivalent to the circuit model of double sides comb-like unit cell with underlayer ground. Similar to the circuit model of [32] , the unit cell for outer surface IMCTL are expressed as series stubs and parallel open stubs. 
FIGURE 16.
The dispersion characteristics of unit cell for outer surface IMCTL, double sides comb-like unit cell and double sides comb-like unit cell with underlayer ground. The geometric parameters of these unit cells are given in Fig.15 (a), (b) , and (c).
The ABCD matrices of the parallel plate transmission line and comb-like structure can be written as M 2 and N 2 :
where Z 3 and Z 4 are characteristics impedances of the series stubs and open stubs, as shown in Fig.17(a) . θ 2 and ϕ 2 are the electrical lengths of the series stubs and open stubs, respectively. Fig.17(b) . c is the velocity of light in vacuum. The ABCD matrix of the unit cell for outer surface IMCTL can be written as
From equation (6), the propagation constant γ 2 of unit cell for outer surface IMCLT can be obtained by
Due to the circuit model is lossless, the equation can be simplified to
Substituting parameters Z 3 , Z 4 , ε 3 , ε 4 , l c , and l d into the equation (16) , the dispersion characteristics of circuit model can be calculated. The dispersion characteristics of circuit model are also compared with the eigenmode analysis of simulation, as shown in Fig.18 . Then, we connect the circuit modes of unit cell in series (15 periods), the reference impedance Z 0 is 50 . The S-parameters of circuit model are simulated and compared with the full wave simulation of EM model as shown in Fig.19 . 
V. TRANSMISSION LOSSES
The transmission loss at high frequencies of the proposed IMCTL is a key indicator. The total losses of the SIW and typical SSPPs structures are studied [33] , [41] , which includes ohmic loss, dielectric loss and radiation loss. For different transmissions line, the occupation rates of ohmic loss, dielectric loss and radiation loss are different in total losses due to the different propagation modes. Therefore, the total losses cannot reflect the actual loss characteristics of the transmission line. The ohmic losses and dielectric losses of the MCW and HMCW were calculated and studied, but not compared to other transmission lines [16] , [18] . The ohmic loss of the double sides comb-like SSPPs transmission line was studied and compared with CPW. However, the dielectric loss was not studied [31] . Therefore, in this section, the ohmic losses and dielectric losses of the proposed IMCTL and some typical transmission lines are compared by simulations. To assess the dielectric losses, the proposed IMCTL and typical transmission lines with their copper metal replaced by PEC are simulated. On the other hand, the proposed IMCTL and typical transmission lines on lossless substrates are simulated to obtain the ohmic losses. Bianco-Parodi (BP) method is adopted to eliminate the effects of conversion loss conveniently [42] . The radiation loss of the double sides comb-like SSPPs transmission line was studied by [43] , which shows that the radiation loss varies nonlinearly with the length of the transmission line. The structure of outer surface IMCTL is similar to double sides comb-like SSPPs transmission line, so the radiation loss is not discussed in this section. The substrate of these transmission lines are 0.5mm thick F4B substrate with dielectric constant of 2.65 and loss tangent of 0.003. The detailed geometric parameters of the proposed unit cell are set as follows: d is 8.0 mm, p is 5.0mm, a is 1.0mm, h is 0.5mm, w is 4.0mm, s is 0.6mm, the diameters of the metallized via holes are 0.6mm and the distance between the centers of two metallized via holes is 0.9mm.
The ohmic losses and dielectric losses of the inner IMCTL are compared with the 50 microstrip line, 50 CPW and SIW. The detailed geometric parameters of these transmission lines are given in Fig.20 (a), (b) and (c) . The low cutoff frequencies of SIW and the inner IMCTL are consistent. The ohmic losses and the dielectric losses of these transmission lines are given in Fig.21 From the comparison of Fig.21 , we can find that the ohmic losses of the inner IMCTL are significantly higher than microstrip line and SIW, but lower than CPW at low frequencies, and the dielectric losses of the inner IMCTL are significantly higher than microstrip line, CPW and SIW.
The ohmic losses and dielectric losses of the outer surface IMCTL are compared with the 50 microstrip line and 50 CPW, as shown in Fig.20 (a) and (b) . Since the structure of outer surface IMCTL is three-dimensional and similar to double sides comb-like transmission line, the ohmic losses and dielectric losses of the outer surface IMCTL are compared with the rivet-like transmission line [44] and the double sides comb-like transmission line [28] . The detailed parameters of these SSPPs unit cells are given in Fig.20 (d) and (e). The cutoff frequencies of these SSPPs unit cells are similar to the unit cell for outer surface IMCTL, as shown in Fig.22 . The ohmic losses and the dielectric losses of these transmission lines are given in Fig.23 .
From the comparison of Fig.23 , we can find that the ohmic losses and dielectric losses of the outer surface IMCTL are comparable to double sides comb-like transmission line and rivet-like transmission line. The ohmic losses and dielectric losses of these SSPPs transmissions are less than the microstrip line and CPW at the frequencies far less than f c .
VI. FABRICATION AND MEASUREMENT
The inner and outer surface transmission lines of the proposed IMCTL are fabricated according to the parameters of Fig.7 and Fig.9 , respectively, as shown in Fig.24 . They are measured by an Agilent Technologies E8363B network analyzer, as shown in Fig.25 .
The simulated and measured S-parameters of inner and outer surface IMCTL are given in Fig.26 . The S-parameters of measured are consistent with the simulated, indicating that the proposed IMCTL has relatively good transmission performance with different propagation modes. The measured insertion losses of inner IMCTL are within 1.77 ± 0.64dB from 5.5 to 10.0GHz. And the measured insertion losses of outer surface IMCTL are within 3.21 ± 1.22dB from 2.0 to 6.0GHz. Differences between the simulated and measured are mainly caused by the SMA connectors and fabrication tolerances.
VII. CONCLUSION
In this paper, a novel integrated mode composite transmission line is proposed, which consists of inner and outer transmission lines and takes full advantages of both SIW and SSPPs transmission line. The inner IMCTL is suitable for high-frequencies transmission, while the outer surface IMCTL is suitable for low-frequencies transmission. The dispersion characteristics and electric field distributions of the inner and outer surface IMCTL are analyzed and simulated. Different dispersion characteristics of the inner and outer surface IMCTL can be obtained by adjusting the parameters of the unit cell. The circuit models of the inner and outer surface IMCTL are discussed and analyzed. The dispersion characteristics and S-parameters of circuit models are close to the eigenmode simulation and full wave simulation of EM models, respectively. The ohmic loss and dielectric loss of the proposed IMCTL are simulated and compared with typical transmission lines. The inner and outer surface IMCTL are designed, simulated and experimented, which indicate the good propagation performance in the inner and outer surface IMCTL with different propagation modes. The IMCTL provides a new possibility for the development of integrated high-performance multiband microwave and wireless communication systems. 
